The relationship between the physical properties of solid food and the masticatory parameters is clarified. Eight solid foods of varying physical properties were chosen. Electromyography of the jaw-closing muscles and mandibular kinematics in eleven young subjects were recorded. The masticatory parameters were derived from the recorded data for the entire mastication process, for the first bite, and in the early, middle, and late stages of mastication. After calculating values relative to the mean value for each subject, nine parameters representing each group were chosen through a cluster analysis. Three principal components were extracted, each of them related to the masticatory time and cycle, minimum jaw opening at the early stage of mastication, and masticatory force. The principal component scores for each food were different, except for one combination in which the physical properties under large and extra-large deformations were similar, despite different breaking properties or small deformation properties. The masticatory parameters did not correlate with the physical properties of food measured for small deformation.
Mastication, the first step of the digestion, is a sensory-motor activity to prepare food for swallowing. 1) It is considered to be a unconscious and automatically proceeding process controlled by the central pattern generator in the brain stem. [1] [2] [3] [4] [5] This generator needs some external triggers, but once the motor output starts, it produces a fixed movement with a constant rhythm. 3) Human adults unconsciously exhibit their own mastication behavior almost independently whatever they eat. Different foodstuffs show various changes in the oral cavity during mastication. 6, 7) On the other hand, humans can modify their habitual masticatory patterns to adjust to the physical properties of food. 3, 4, [7] [8] [9] To monitor such physical changes occurring in the mouth, non-invasive measurement of human mastication have been widely adopted. 1, [7] [8] [9] [10] [11] [12] [13] [14] A number of studies on masticatory parameters measured by electromyography (EMG) of the masticatory muscles and/or the jaw kinematics of human mastication using real foodstuffs can be found in the literature. 7, [10] [11] [12] [14] [15] [16] [17] [18] [19] [20] [21] [22] Many of those studies lacked an objective description of the sample foods, or measured only one physical parameter such as hardness. Changing one physical property of similar foods such as gels accompanies changes of the other physical properties. We have measured the bite force of different cheese samples, such masticatory parameters as the bite force, build-up speed of the force, and timeintegrated force being related to each other, and such physical properties as the breaking force, work for breaking, and elastic modulus also being highly correlated. 8, 9) Hoever, it is still unknown which factor truly influences human mastication and the relationship between the physical properties of food and human masticatory behavior. This study aims to make clear the relationship between physical properties of food and the masticatory parameters.
Eight kinds of solid food having a wide range of physical properties and requiring chewing by the teeth when eaten by normal adults were selected as food materials. 22) We characterized the physical properties of these foods with many measures and expressed them by independent properties selected from the many parameters.
We also measured young subjects normally eating each food sample to obtain as many masticatory parameters as possible. 22) Among the methods for mastication measurement in the literature, we adopted EMG from the jaw-closing muscles and mandibular kinematics at the incisor point because they are the most common and well-established analytical methods. Since physical properties dramatically change during chewing, 6, 7, [15] [16] [17] 19, 20) the masticatory parameters were taken at the first chew, and in the early, middle, and late stages of mastication.
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In part 1 of this study, 22) 28 parameters expressing physical properties were grouped into nine dependent characteristics (mechanical resistance against small, medium, large or extra-large deformation, breaking stress, cohesiveness, adhesiveness, density, and moisture). Compressive stress values at 10, 50, 70 and 90% strains were respectively taken as the representative parameters for small, medium, large, and extra-large deformation. The correlation between the nine physical parameters and 63 masticatory parameters was tested. No significant correlation was found between the physical parameters at less than 50% strain and the parameters in human mastication. No masticatory parameter was correlated with the breaking strain. The first cycle time only related to the breaking stress of the food. The findings suggest that the breaking properties of food had less influence on the entire stages of human mastication. The stress value under an extra-large compressive strain, which is not measured in common compression tests, was significantly correlated with the human parameters for the first bite and in the early stage of mastication. Adhesiveness mostly influenced the mastication from the middle to late stages.
To measure and analyze all 63 masticatory parameters was not practical. In this study, we aimed to classify many human masticatory parameters by a small number of independent factors. To reduce the number of parameters, a cluster analysis followed by a principal component analysis was applied. The correlation between the intensive masticatory properties and categorized physical parameters was then analyzed. The results will aid the selection of appropriate masticatory measurements and also of food materials for analyzing intended masticatory behavior.
Materials and Methods
Food samples. Eight solid types of food with varying mechanical properties, especially a wide range of breaking properties, were selected. 22) These were dry bread (Kanpan, Sanritsu Ltd.), elastic konjac gel (Konnyaku, Nodaya Ltd.), dry sausage (Calpus, Prima Meat Packers Ltd.), soft candy (Bulgaria Yogurt Candy, Meiji Seika Kaisya Ltd.), raw radish, pickled radish (Tsubodzuke Takuan, Nozaki Tsukemono Ltd.), boiled carrot (cooked for 10 min in boiling de-ionized water), and raw carrot. They were cut into cubes of 15 Â 15 Â 10 mm, except Kanpan which was in its original product size of 23 Â 16 Â 10 mm that was easy to chew by the molar teeth. 23) Vegetables were cut from the center part after removing the skin to 10 mm in fiber orientation. The first chew for humans and the instrumental test were performed in the direction parallel to the fibers. 22) The physical parameters were 28 items reported elsewhere as follows; stress values at 5, 10, 20, 30, 40, 50, 60, 70, 80, and 90% strain, breaking strain, breaking stress in simple compression test, hardness, adhesiveness, cohesiveness, brittleness, gumminess, chewiness, springiness, energy for the first and second bites from texture profile measurement, weight of served sample, density, energy (calorie) value, moisture, protein, lipid and carbohydrate content. The nine selected independent parameters are shown in Table 1. 22) The four parameters from the top represent the mechanical resistance at small, medium, large, and extra-large deformation, respectively.
Subjects. Eleven volunteers (5 males and 6 females, mean age 24.3 years), who were free from functional mastication problems and required no dental treatment, participated in the mastication recordings. 22) They gave their informed consent prior to the experiment. They had no dislikes among the test foods, lacked no teeth but the third molar, and required no dental treatment.
Mastication measurement. The subjects consumed 8 foods twice in random order as normally as possible. Electromyographic signals were derived from both sides of the masseter and temporal muscles, 20, 22) and mandibular movement at the incisor point was recorded with a Gnatho-hexagraph (JM-1000, GC Ltd.). 22, 24) The EMG data were calculated from the mean of the four muscles. The number of chewing strokes, mastication time, total muscle activity, total EMG duration, EMG duration per chew, mean EMG amplitude, and muscle activity per chew were derived for the whole mastication process from the EMG data. The EMG duration, amplitude, and muscle activity per chew were taken at the first chew, the mean value of the second to fifth chews as the early stage, those of middle five times as the middle stage, and those of last five chews as the late stage. From the mandibular kinematic data, the maximum opening, minimum opening, maximum closing velocity, maximum opening velocity, chewing cycle, jaw closing time, jaw opening time, closing distance, opening distance, mean closing velocity, and mean opening velocity for every chewing cycle were calculated. Similarly to the EMG data, those for the first chew, early stage, middle stage, and late stage were extracted. The distance and velocity were calculated by avoiding left-right differences because of free chewing. The masticatory parameters totalled 63 items (Table 2 ).
22)
Statistics. Statistical analyses were performed by using the SPSS (ver. 11.0J for Windows Ò ) package (SPSS Inc., Chicago, IL, USA), setting the statistical significance at p < 0:05. We first conducted a two-way analysis of variance (ANOVA) with food (8) Â subject (11) , although it was difficult to extract the food characteristics because of large inter-subject variance. To eliminate the inter-subject differences, the relative masticatory parameters were calculated as the ratio of each value to the mean of all samples, with two repeats for each subject. The relative masticatory parameters were subjected to a cluster analysis, and the representative parameters of each group were subjected to the principal component analysis. Kendall's correlation coefficient between the physical properties as representative of each selected physical property and the mean value of the principal component scores for each food were calculated.
Results and Discussion
We attempted ordinary two-way ANOVA to characterize the mastication parameters for each food, but the inter-subject variance of mastication was much greater than the variance within a subject. 15, 16, 18) Instead, we attempted to find differences among food samples, using the relative values to the mean values of all eight foods rather than the absolute measured values. An EMG analysis has often used the relative muscle activity to the maximum effort in kinesiology. In masticatory EMG studies, the percentage of EMG activity (%EMG) to maximum voluntary chewing [25] [26] [27] [28] and relative EMG activity to that for standard chewing gum 15, 29) have been used to analyze differences in foods or tasks. This is basically the same concept as the repeated-measure analysis often used to analyze of food items within subjects 20, 21) in respect of deleting the effects of a large intra-subject variance.
A principal component analysis is useful to pick up a smaller number of variables summarizing many variables, in which a sensory or human output and instrumental measures may be involved. The number of measured variables for a principal component analysis must be the same or smaller than the number of samples, which makes difficult to apply to an analysis of human mastication because subjects can eat a limited number of foodstuffs. Unlike a principal component analysis, a cluster analysis can be used when the numbers of measured variables are greater than the number of samples that are determined by the numbers of subjects and foodstuffs. In the present study, the measured masticatory parameters were 63, so first we tried a cluster analysis to reduce the number of parameters to that of foodstuffs can be tested all at once. From a dendrogram of 63 masticatory parameters (Fig. 1) , we classified them into nine clusters by a level of rescaled distance between 2 and 3. From the top to bottom, each group was considered as i) 28 parameters from 49 to 22 in Fig. 1 regarding jaw opening and velocity, ii) 5 parameters (6-9) relating EMG amplitude, iii) 17 parameters (24-47) corresponding to the chewing cycle, EMG parameters were the mean of four jaw-closing muscles, and kinematic parameters were the three-dimensional distance and velocity, with free chewing not influencing the chewing side.
iv) three parameters (1, 4 and 2) to total mastication time, v) minimum jaw opening in the middle stage of mastication (43), vi) that in the late stage (54), vii) that at the first chew (21), viii) that in the early stage of mastication (32), and ix) 6 parameters (7-10) relating to the muscle activity of EMG. We later wanted to relate those masticatory parameters to the physical properties instrumentally measured before food consumption, so the early-stage parameters were selected as representative for groups i, ii, iii and ix. The number of chewing strokes was chosen for group iv, because it is easiest to measure without any equipment. The nine masticatory parameters shown in the first column of Table 3 were thus selected from each cluster. The cluster analysis on EMG parameters while chewing foods has been reported for grouping the subject characteristics, 15) but classifying the measured variables by a cluster analysis has not been attempted before.
The principal component analysis using the nine parameters resulted in three meaningful components (Table 3 ). The cumulative proportion of variance up to the third components was 0.586. This is not high, because relatively less-dependent parameters from each cluster were used for the analysis. The first principal component exhibited relatively high values for many parameters, especially in the maximum and minimum jaw opening, muscle activity, amplitude, and jaw closing period at the early stage, and also in the number of chewing strokes. These were considered to be mainly related to the mastication cycle and time. The second component showed a large negative value in the minimum opening for the first and early stages of mastication. This indicates that the mandible easily closed to zero from the first stage, perhaps because no hard particles or mechanical resistance were produced. The third component displayed greater negative values in the EMG amplitude and muscle activity, reflecting a weak mastication force.
The principal component scores for each food are shown in Table 4 . No samples have similar scores because we selected very different foodstuffs in terms of their physical properties. Among them, the scores for konjac gel and cooked carrot were the closest despite the difference in fracture properties where konjac gel was not fractured until 83% strain but cooked carrot was easily broken at 0.11 MPa and 21% strain. 22) The relatively close values in stress at 90% strain (Table 1) is attributed to the similarity in scores. The effect of fracture properties on the masticatory parameters seemed less important than the stress value under large to extra-large deformation. Table 2 . Each parameter supplied is the relative value to the mean value calculated for all food within each subject. Nine highly independent parameters (Table 1 , stress at 10, 50, 70, and 90% strain, breaking stress, cohesiveness, adhesiveness, density, and moisture) for physical properties were chosen in our previous study.
22 ) The correlation between these nine physical properties and the three principal components was tested as shown in Table 5 . The first principal component was negatively correlated with moisture. The second component was significantly correlated with the breaking stress, cohesiveness and adhesiveness. The third component was negatively correlated with the stress at 70% strain. If we reduce the significance level to 0.09, the first and second principal components related to the stress at 90% strain and the second component are correlated with the food density. The mechanical properties under small to medium deformation (10% and 50% strain) were never correlated with the masticatory parameters. The instrumental mechanical test often stopped immediately after fracture; however, in the case of low breaking strain, the observed properties could not analyze human mastication behavior. Regardless of being fractured or not, observation of the mechanical properties under large to extra-large deformation (> 50%) was necessary.
During mastication, the temperature and moisture of food substantially change in the mouth, 6, 29) and both factors affect the rheological properties of food. As odor, flavor and taste, as well as mechanical stimuli of food influence saliva secretion, saliva is also an important factor affecting mastication.
3) According to the model proposed by Hutchings and Lillford, 6) mastication is a process to reduce the degree of structure and to lubricate the surface of the bolus. Fragmentation of the original structure is essential for swallowing many solid foodstuffs 4) and it is inherent to the activity of the jawclosing muscles. Lubrication would be more related to saliva secretion and be more significant with lowmoisture foodstuffs such as soft candy, hard bread and dry sausage. The change in mastication parameters for low-moisture foods during mastication may be influenced by the saliva amount. 29) Further study is required to elucidate the saliva effects on masticatory parameters.
An inappropriate material contaminating food can be expectorated from the mouth before chewing is started. 4) When a hard material is encountered, the rhythmic pattern of mastication is suddenly stopped and modulated by the jaw-opening reflex.
2) Besides the physical properties of food, preference and the amount of food 2, 21, 30) may change the mastication behavior of humans. In the present study, no strange stimuli causing reflex in the mastication behavior were involved among the food samples, the subjects did not have any dislike of the food samples, and the food samples were adjusted to be a small size. These experimental conditions were effective to minimize those effects.
Conclusion
We have shown in our previous study 22) that the physical properties under small compressive deformation did not correlate with any of these masticatory parameters. This study was the reverse trial. The cluster analysis selected 9 masticatory parameters among 63, and the subsequent principal component analysis reduced the masticatory characteristics to three. At least one of the three independent masticatory factors was correlated with the physical properties under large and extra-large deformation, breaking stress, adhesiveness, cohesiveness, and moisture. However, none of the three components was significantly correlated with these properties under small or medium deformation. We conclude from the experimental evidence obtained in these studies that human mastication behavior is not influenced by the physical properties of food under small deformation. Bold letters represent significantly high correlation (p < 0:05).
